Introduction
Diabetic cardiomyopathy is a common complication and a major cause of mortality in patients with type 2 diabetes (T2D). 1 -3 Myocardial insulin resistance is closely linked to the pathophysiology of diabetic cardiomyopathy. 4, 5 Alterations in adipokine secretion by epicardial adipose tissue (EAT) have been linked to the development of cardiac dysfunction in patients with T2D. 6, 7 We previously showed that conditioned media (CM) generated from EAT from high-fat diet fed guinea pigs as well as patients with T2D induce cardiomyocyte dysfunction as illustrated by reductions in contractile function and induction of insulin resistance. 8, 9 This detrimental effect induced by CM from EAT from patients with T2D was not observed when exposing cardiomyocytes to CM from other fat depots, such as subcutaneous and pericardial adipose tissue. 8, 9 Profiling experiments could ascribe part of the cardiodepressant activity present in EAT from patients with T2D to an enhanced secretion of activin A. 8, 9 However, the molecular mechanism via which the epicardial adipokines, including activin A, impact on myocardial insulin signalling is still incompletely understood. Accumulating evidence links microRNAs (miRNA) to the development of insulin resistance and pathogenesis of cardiometabolic diseases. 10 -12 These small non-coding RNA molecules regulate the expression levels of target proteins through degradation of the mRNA encoding the protein, through repression of mRNA translation, or both. 13 Among the proteins targeted by miRNAs are components of the insulin signalling system, such as insulin receptor substrate 1 (IRS-1), as well as regulators of activity of the Akt-pathway, such as phosphatase and tensin homologue (PTEN) and oxysterol-binding proteinrelated protein 8 (ORP8). 10,14 -17 This study aimed at investigating whether alterations in miRNA expression participate in the induction of insulin resistance resulting from enhanced secretion of activin A from EAT from patients with T2D. Therefore, we profiled the alterations in miRNA expression in primary adult rat cardiomyocytes (ARC) that were exposed to CM generated from EAT biopsies from patients with and without T2D. Subsequently, we analysed whether the observed alterations in miRNA expression could be ascribed to activin A. Finally, we analysed the impact of differentially regulated miRNAs on insulin action in HL-1 cells and ARC expressing precursor forms or LNA-anti-miR for the deregulated miRNA species.
Methods
An extended version of the methods applied in this study is provided in the Supplementary material online.
Conditioned media from adipose tissue
Adipose tissue biopsies collected from the epicardial, pericardial, and subcutaneous adipose tissue depots were collected from patients undergoing open-heart surgery for coronary artery bypass grafting and/or valve replacement procedures after written informed consent. The procedure to obtain adipose tissue samples was approved by the Ethics Committee of the Heinrich-Heine-University (Duesseldorf, Germany). Biopsies were used to generate CM as described. 8, 9 Activin A content in the CM was determined using a Quantikine activin A immunoassay (R&D systems, Minneapolis, MN, USA).
Isolation and culture of primary adult rat cardiomyocytes
Animal experiments were performed in accordance with the 'Principle of laboratory animal care' (NIH publication No. 85-23, revised 1996) and the current version of the German Law on the protection of animals. Cardiomyocytes were isolated from Lewis rats (Lew/Crl) as described. 8 Briefly, rats were killed following anaesthesia with ketamine (100 mg/kg; Ratiopharm, Ulm, Germany) and xylazine (Rompun, 5 mg/kg) (Bayer Healthcare, Leverkusen, Germany). The isolated heart was retrograde perfused using a Langendorff perfusion system and digested with a buffer containing collagenase (Worthington, Lakewood, NJ, USA) and hyaluronidase (Applichem, Darmstadt, Germany). Isolated cardiomyocytes were seeded and cultured on laminin-coated six-well plates before exposure to the CM or control adipocyte medium (AM). When indicated, the CM were incubated for 60 min with 100 ng activin A bA subunit antibody (R&D Systems, WiesbadenNordenstadt, Germany) before addition to the ARC, or the ARC were incubated for 30 min with 2.5 mM of the p38 inhibitor SB203580 (Promega, Mannheim, Germany) before the addition of the CM.
Whole genome miRNA profiling in rat cardiomyocytes
To assess the effects on miRNA expression, ARC were harvested 16 h after the addition of the CM (1 : 4 diluted with AM). Data were collected during seven independent experiments for CM from EAT and four independent experiments for CM from the other fat depots. Total RNA was isolated from the cardiomyocytes using the miRNeasy mini kit (Qiagen, Hilden, Germany), reverse transcribed using the miScript I RT kit (Qiagen), whereafter miRNA expression levels were determined with the rat miScript Assay 384 set based on miRBase V13.0 (Qiagen) and miScript SYBR Green (Qiagen) on a StepOne Plus real-time PCR system (Applied Biosystems, Carlsbad, CA, USA). Taqman assays were used to validate miR-143 and miR-145 expression levels as described. 18 
Culture and transfection of HL-1 cells

Lentiviral transduction of primary adult rat cardiomyocytes
Isolated ARC were transduced at an MOI of 5 with lentiviruses expressing pre-miR-143 or empty vector. Two days after transduction, cells were serum-starved and kept untreated or incubated for 10 min with 100 nM insulin, and harvested.
2.6 LNA-anti-miR silencing of primary adult rat cardiomyocytes Isolated ARC were transfected with 60 nM miRCURY LNA inhibitor for miR-143 or miRCURY LNA inhibitor control (Exiqon, Vedbaek, Denmark) for 6 h using lipofectamine. Then, cells were exposed to CM or AM overnight. Thereafter, the cells were stimulated with 100 nM insulin for 10 min or kept untreated, and harvested.
Analysis of protein expression and insulin signalling
Cells were lysed for 2 h at 48C in 50 mmol/L HEPES (pH 7.4), 1% Triton X-100, supplemented with protease and phosphatase inhibitor cocktails (Complete, PhosStop; Roche Diagnostics, Mannheim, Germany) under gentle rotation. Protein content was determined using Bradford reagent (Biorad Laboratories, Munich, Germany). Effects on protein expression and insulin action were analysed via western blotting as described. 
Statistical analysis
Data are presented as mean + standard error of the mean (SEM). Significant differences between experimental conditions were evaluated as described in the legends to Table 1 and Figures 1 -6 using Graphpad Prism5 (GraphPad, LA Jolla, CA, USA) software. P-values of ,0.05 were considered as statistically significant.
Results
Patient characteristics
Adipose tissue biopsies to generate CM were collected from patients with and without T2D. Pre-operative blood glucose levels were higher in T2D patients vs. ND patients. Age and BMI were similar between patients groups ( Table 1) . Type of surgery and medication use is listed in Supplementary material online, Table S1 .
Effect of epicardial adipokines on miRNA expression in cardiomyocytes
In the absence of CM, 191 out of the 343 miRNAs profiled were detected in primary ARC, including the muscle-specific miR-1, miR-133, and the cardiac-specific miR-208 (Supplementary material online, Figure S1 and Table S2 ). 20 Supplementary material online, Table S3 lists the 152 miRNA species that were not detected in primary ARC. Of the expressed miRNAs, miR-133 was the most abundant in ARC (Supplementary material online, Table S2 ). Furthermore, the expression of eight miRNA species was changed in ARC exposed to CM from EAT-T2D (CM-EAT-T2D) vs. CM-EAT-ND ( Figure 1 ). Specifically, CM-EAT-T2D reduced the expression of miR-26a, miR-191, miR-218, and miR-425 ( Figure 1A -D). The levels of the miRNA cluster miR-143/145, miR-208, and of let-7c were increased in ARC exposed to CM-EAT-T2D vs. CM-EAT-ND ( Figure 1E -H). Exposing ARC to CM generated from subcutaneous or pericardial adipose tissue from patients with or without T2D did not alter the expression levels of these miRNAs ( Figure 1 ).
Effect of activin A on miRNA expression in cardiomyocytes
Previously, we could ascribe an inhibition of insulin action in ARC exposed to CM-EAT-T2D to activin A. 9 The amount of activin A in CM was 1.7 + 0.4 ng/mL in CM-EAT-T2D (n ¼ 14) vs. 0.55 + 0.15 ng/mL in CM-EAT-ND (n ¼ 10) (P , 0.02) (Supplementary material online, Figure S2 ). Using Taqman-based assays, we showed that expression of the miR-143/145 cluster in ARC was dose-dependently increased by recombinant activin A, and that this effect became significant at 1 ng/mL (Figure 2A/B) . Furthermore, the response between 1 and 10 ng/ml activin A was not significantly different. Expression levels of the other miRNAs tested were either not affected by activin A, or in the case of miR-191 alterations were observed in the opposite direction (Supplementary material online, Figure S3 ). To substantiate the involvement of activin A in the induction of the miR-143/145 cluster, neutralizing activin A antibodies were used. As shown in Figure 2C /D, preincubation of activin A or CM-EAT-T2D with activin A neutralizing antibodies prevented the induction of miR-143 and miR-145.
The induction of the miR-143/145 cluster is mediated by the MAP kinase p38
Activin A is a member of the transforming growth factor b family. Because the induction of the miR-143/145 cluster in response to transforming growth factor b1 involves the MAP kinase family member p38 in smooth muscle cells, 21 we examined whether p38 participates in the induction of the miR-143/145 cluster by CM-EAT-T2D in ARC.
Exposure of ARC to CM-EAT-T2D increased the phosphorylation of p38 when compared with CM-EAT-ND or control medium ( Figure 3A) . The induction of p38 phosphorylation was significantly blunted when CM-EAT-T2D was incubated with neutralizing antibodies against activin A ( Figure 3B) . Accordingly, activin A caused a dosedependent increase in p38 phosphorylation in ARC ( Figure 3C ). To investigate the involvement of p38 in the induction of the miR-143/145 cluster in ARC, the pharmacological p38-inhibitor SB203580 was used. As shown in Figure 3D /E, the presence of SB203580 abolished the induction of the miR-143/145 cluster by both activin A and CM-EAT-T2D.
Effect of miR-143 and miR-145 on insulin action
The mouse cardiac muscle cell line HL-1 was used to assess the impact of the miR-143/145 cluster on insulin action because of better viability following pre-miR expression when compared with primary ARC. This is particularly relevant for the quality of the glucose transport experiments, and HL-1 cells are insulin-sensitive and display the insulinregulated glucose transporter GLUT4. 22 Transfecting HL-1 cells with pre-miR-143 reduced the insulin-mediated phosphorylations of Akt-Thr308, Akt-Ser473, and of the Akt-substrate PRAS40-Thr246 by 35, 25, and 20%, respectively, vs. cells transfected with pre-miR-145 or control pre-miRNA ( Figure 4A-C) . Accordingly, insulin-mediated glucose uptake was blunted by 25% in cells expressing pre-miR-143 vs. control miRNA ( Figure 4D ). Importantly, lentivirus-mediated expression of pre-miR-143 in ARC also led to the inhibition of insulin-mediated Akt-Ser473 phosphorylation ( Figure 4F ). The inhibition of insulin action in cells expressing pre-miR-143 could not be ascribed to alterations in the protein expression of key signalling molecules, such as the insulin receptor, IRS-1, PTEN, Akt, PRAS40, or GLUT4 ( Figure 4E , Supplementary material online, Figure S4 ). In mice, down-regulation of the miR-143 target ORP8 associates with hepatic insulin resistance.
14 Expression of pre-miR-143 reduced ORP8
protein levels in HL-1 cells and primary ARC by 20 and 25%, respectively ( Figure 5A/B) . In contrast, control pre-miR or pre-miR-145 did not affect ORP8 abundance in HL-1 cells ( Figure 5A ). Also exposing ARC to CM-EAT-T2D lowered ORP8 abundance when compared with cells exposed to CM-EAT-ND or control medium ( Figure 5C ). Finally, lowering ORP8 protein levels in HL-1 cells using distinct ORP8 shRNA constructs was paralleled by reductions in insulin-stimulated Akt phosphorylation and glucose uptake vs. cells transfected with a control shRNA ( Figure 5D-G) .
To substantiate these observations, the expression of miR-143 was silenced using LNA-anti-miR-143, which is efficiently taken up by primary ARC. In the absence of CM, LNA-anti-miR-143 increased ORP8 protein levels and enhanced insulin-mediated Akt phosphorylation without affecting insulin receptor, PTEN, Akt, and GLUT4 protein levels Anthropometric characteristics are expressed as mean + standard deviation, and differences between the disease groups were evaluated using a Mann -Whitney U-test. ND, non-diabetic; T2D, type 2 diabetes; BMI, body mass index; NS, not significant.
(Supplementary material online, Figure S5 ). Furthermore, LNA-antimiR-143 protected against the detrimental effects of CM-EAT-T2D on insulin-mediated Akt phosphorylation and ORP8 protein levels in ARC ( Figure 6A-C) .
Discussion
The present study shows that CM-EAT-T2D alters the expression levels of eight miRNAs in ARC. We previously reported that CM-EAT-T2D or CM-EAT from high-fat diet fed guinea pigs induces ARC dysfunction as illustrated by reductions in contractile function and insulin action. 8, 9 These effects could be largely ascribed to an increased abundance of activin A in the CM. 8, 9 Of the miRNAs affected by CM-EAT-T2D, only the levels of miR-143 and miR-145 were affected by activin A in the same direction as CM-EAT-T2D. In addition, the induction of miR-143 and miR-145, which are processed from the same transcript under the control of the same promoter, 23, 24 was dependent on p38. Moreover, the observed up-regulation of miR-143 in response to CM-EAT-T2D Figure 1 Effect of epicardial adipokines on miRNA expression in cardiomyocytes. ARC were exposed to control AM (con.) or to CM (1:4 diluted) from EAT, pericardial adipose tissue (PAT), and subcutaneous adipose tissue (SAT) from either patients with type 2 diabetes (T2D) or from patients without diabetes (ND). The miRNA expression in ARC exposed to control medium was set at 100. Open bars, con.; gray bars, ND; black bars, T2D. Data were collected during seven independent experiments for CM from EAT and four independent experiments for CM from PAT and SAT using ARC preparations from different rats and CM from different donors. Expression levels are expressed as mean + SEM. Differences among the experimental groups were analysed by ANOVA followed by post hoc Bonferroni analysis. *P , 0.05 ND vs. T2D.
or activin A resulted in inhibition of insulin action in cardiomyocytes through the down-regulation of a recently identified miR-143 target and mediator of insulin action, ORP8. 14 Finally, the knockdown of miR-143 protected against the inhibition of insulin action and downregulation of ORP8 in ARC exposed to CM-EAT-T2D. A key finding of the present study is the unravelling of a novel signalling pathway via which alterations in the secretory profile of EAT may result in insulin resistance in the heart of patients with T2D. In patients with T2D, aberrant myocardial energy substrate metabolism coexists with alterations in cardiac structure and function, even in the absence of coronary artery disease or hypertension. 3, 4, 25 Whereas the healthy heart capable of switching between these substrates according to the most favourable energetic yield needed for the prevailing cardiac condition, the heart of patients with T2D displays an impaired metabolic flexibility and myocardial energy substrate metabolism is shifted toward enhanced fatty acid utilization at the expense of glucose metabolism. 4, 26, 27 Studies in humans and rodent models indicate that this metabolic inflexibility is closely associated with myocardial insulin resistance. 4, 5 In particular, the insulin-stimulated phosphorylation of Akt, which mediates cardiac glucose uptake by promoting the translocation of the glucose transporter GLUT4 to the sarcolemma, is impaired. 5 Importantly, the factors responsible for deregulation of this signalling pathway are largely unclear. This study reveals that an elevated secretion of activin A by the EAT contributes to the inhibition of the Akt/GLUT4 pathway through up-regulation of miR-143.
Although we did not assess diabetic rat models for alterations in cardiac miR-143 expression, other studies confirmed a function for miR-143 in obesity and insulin resistance. 14, 28 Feeding mice an obesity-inducing high-fat diet increased the expression of miR-143 in adipose tissue, whereas another study reported up-regulation of both miR-143 and miR-145 in the liver. 14, 28 Furthermore, elevated miR-143 levels have been reported in the liver, heart, skeletal muscle, and pancreas from db/db mice and ob/ob mice when compared with tissues isolated from control animals. 14, 28 In these studies, the factors responsible for the up-regulation of miR-143 remained unidentified. Here, we identify activin A as regulator of miR-143 expression. We could show that the induction of this miRNA cluster by CM-EAT-T2D is abolished upon pretreating the CM with neutralizing activin A antibodies. Furthermore, exposing ARC to the amount of activin A present in CM-EAT-T2D increased the expression of miR-143. Finally, in line with a study examining the regulation of miR-143 expression by transforming growth factor b1 in smooth muscle cells, 21 we observed that the induction of this cluster by activin A and CM-EAT-T2D in cardiomyocytes could be abolished by inhibition of p38. Our data further link the induction miR-143 to inhibition of insulin action. As in other target tissues for insulin action, insulin signalling in cardiomyocytes is initiated by tyrosine phosphorylation of IRS-1 by the activated insulin receptor. This facilitates the binding and activation of phosphatidylinositol-3 ′ -kinase, thus catalysing the formation of phosphatidylinositol 3,4,5-trisphosphate and providing a platform for the following a 16 h exposure of ARC to 10 ng/mL activin A or CM-EAT-T2D (1:4 diluted). Data were collected in four independent experiments using cardiomyocyte preparations from different rats and CM from different donors. #P , 0.001 vs. control AM (control) as determined using ANOVA followed by post hoc Bonferroni analysis; *P , 0.05 for the effect of the neutralizing activin A antibody as determined by a Student's t-test.
binding and activation of Akt and subsequent translocation of GLUT4. 5 The phosphatase PTEN counteracts this signalling pathway by dephosphorylating phosphatidylinositol 3,4,5-trisphosphate to produce phosphatidylinositol 4,5-bisphosphate, and thereby inhibiting the activation of Akt. However, in this study, the observed inhibition of insulin action in cells expressing pre-miR-143 could not be ascribed to alterations in the expression of key components of insulin action, such as the insulin receptor, IRS-1, PTEN, Akt, and GLUT4. This is in accordance with a report on mice with an inducible expression of miR-143 in the liver. 14 In these animals, insulin-mediated Akt phosphorylation is abrogated in the absence of changes in the expression of the insulin receptor, and Akt. 14 Conversely, the absence of the miR-143/145 cluster was found to protect against high-fat diet induced insulin resistance and hepatic Akt inhibition. 14 Using proteomics-based approaches, these authors . All data were collected in four independent experiments using cardiomyocytes from different rats and CM from different donors. # indicates P , 0.001 vs. control AM (control) as determined using ANOVA followed by post hoc Bonferroni analysis; *P , 0.05 for the effect of the neutralizing activin A antibody as determined by a Student's t-test. (2) or following insulin stimulation (10 min; 100 nM) (+). All phosphorylation data were normalized for GAPDH levels, and expressed as mean + SEM (A/B: n ¼ 8; C: n ¼ 5; F: n ¼ 6). Differences among the experimental conditions were evaluated using ANOVA followed by post hoc Bonferroni analysis. ***P , 0.001, **P , 0.01, and *P , 0.05. , or ARC exposed to CM-EAT from patients with (T2D) or without (ND) type 2 diabetes (C). ORP8 protein levels were normalized for GAPDH expression, and expressed as mean + SEM (A: n ¼ 8; B: n ¼ 6; C: n ¼ 4). Differences among the experimental conditions were evaluated using ANOVA followed by post hoc Bonferroni analysis. ***P , 0.001; *,# P , 0.05. (D -F) Effect of reduced expression of ORP8 on insulin action in HL-1 cells. HL-1 cells transfected with shRNAs for ORP8 were analysed for ORP8 expression (D), induction of Akt-phosphorylation (E/F), and glucose uptake (G) in untreated cells (2) , and after insulin stimulation (30 min; 200 nM) (+). Signals were normalized for GAPDH (D) and Akt (E/F), respectively. Similar data were obtained with five distinct shRNA constructs. Data are expressed as mean + SEM collected in 10 independent experiments conducted with distinct shRNA constructs. *P , 0.05 as determined using a Student's t-test.
further identified ORP8 as the miR-143 target responsible for the abrogation of insulin action in the liver. 14 We extend these observations to cardiomyocytes by showing that incubation of ARC with CM-EAT-T2D as well as expression of pre-miR-143 in ARC and HL-1 cells results in a down-regulation of ORP8 expression, and that the absence of miR-143 protects against the induction of insulin resistance by CM-EAT-T2D in ARC. Furthermore, down-regulation of ORP8 expression was associated with inhibition of insulin-mediated Akt signalling. However, the molecular mechanism via which ORP8 regulates Akt phosphorylation remains to be elucidated. In contrast to miR-143, expression of pre-miR-145 had no effect on insulin action in HL-1 cells. This is in contrast to studies on colon cancer, where IRS-1 was identified as miR-145 regulated target, but in agreement with observations on mice with an inducible expression of miR-145 in the liver.
14,29 Importantly, up-regulation of miR-145 has been reported in human samples from subjects with dilated cardiomyopathy and end-stage heart failure, thus highlighting the need for characterization of target genes regulated by miR-145. 30, 31 Another question that remains to be addressed is the contribution of the activin A-p38-miR-143/145-ORP8 pathway in the pathophysiology of diabetic cardiomyopathy. A limitation of this study is that we could not analyse cardiac ventricular biopsies from patients with diabetic cardiomyopathy for alterations in the expression of the miR-143/145 cluster or ORP8. Furthermore, although we obtained comparable results for activin release from EAT from high-fat diet fed guinea pigs, confounding effects of medication use on adipokine release in human EAT cannot be fully excluded. However, it should be noted that in a separate clinical study, activin A levels were found to be inversely associated with the myocardial metabolic rate of glucose uptake as measured using [ 18 F]-2-fluoro-2-deoxy-D-glucose during an euglycaemic-hyperinsulinaemic clamp in men with uncomplicated T2D. 32 Furthermore, activin
A released from EAT has been linked to the development of atrial Figure 6 Silencing miR-143 reverses the abrogation of insulin action by CM-EAT-T2D in cardiomyocytes. Primary adult rat cardiomyocytes were transfected with LNA-anti-miR-143 (+) or LNA inhibitor control (2), and exposed to CM-EAT-T2D or control AM. Shown are representative blots and quantification for induction of Akt-Thr308 (A) and Akt-Ser473 (B) phosphorylation following insulin stimulation (10 min; 100 nM) and ORP8 expression (C). Signals were normalized for Akt (A/B) or IR-b (C) protein levels and are expressed as mean + SEM from four independent experiments conducted on cardiomyocyte preparations from different rats. Data were analysed by ANOVA and Bonferroni multiple comparison analysis. # P , 0.05 for the effect of CM-EAT-T2D vs. control AM; *P , 0.05 for the difference between LNA-anti-miR-143 vs. LNA-inhibitor control.
fibrosis. 33 Collectively, these data support an involvement of activin A in the pathophysiology of diabetic cardiomyopathy.
In conclusion, this study identified a mechanism via which an enhanced secretion of activin A by EAT-T2D induces myocardial insulin resistance. Specifically, the p38-dependent induction of miR-143 inhibits the activation of the Akt pathway regulating glucose uptake by insulin through down-regulation of a novel regulator of insulin action, ORP8. The elucidation of this signalling pathway may contribute to the recognition of more specific therapeutic targets for the prevention and treatment of diabetic cardiomyopathy.
Supplementary Material
Supplementary Material is available at Cardiovascular Research online.
